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MIXED SIGNAL SYNTHESIS 



Inventor: Michael J. Dernier 

Field of the Invention: 

This application claims priority to Provisional Application No. 
60/1 40, 1 08, filed June 1 8, 1 999, as set forth more fully in this application. This 
invention relates to synthesis of electronic circuits. The invention is also related 
to the reuse of circuit designer knowledge. The invention is more particularly 
related to the synthesis of analog circuitry, and of mixed digital and analog 
circuitry. The invention is yet further related to the simulation of mixed analog 
and digital circuitry to determine data points and to curve fit the data points to 
determine a polynomial equation that closely approximates simulated circuit 
performance. The invention is still further related to the parameterization of 
circuit features with respect to circuit performance. 

Background of the Invention: 

The f ield of circuit simulations has many design languages, simulators, 
and design programs available to circuit design engineers. One commonly 
utilized design language is the Verilog® (a registered trademark of Cadence 
Design Systems, Inc.). 

Verilog® is a hardware description language that provides a means of 
specifying a digital system at a wide range of abstraction levels. The language 
supports the early conceptual stages of design with its structural level of 
abstraction. The language provides hierarchical constructs, allowing the 
designer to control the complexity of a description. 

Other analysis tools have been developed around the Verilog® 
language, including fault simulators, and timing analyzers, and the language 
has provided input specification for some logic and behavioral synthesis tools. 
The language has been standardized as IEEE standard #1 364-1 995, and is 
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described in detail in "The Verilog® Hardware Description Language," by 
Donald E. Thomas and Phillip R. Moorby, and is incorporated herein by 
reference. 

Analog circuits are commonly simulated by SPICE (Simulation Program 
with Integrated Circuit Emphasis), a commercially available software program 
for simulating analog circuits. SPICEfrees engineers from the laborious, and 
often complex, time consuming tasks of analog circuit analysis. SPICE was 
originally developed by a team at the University of California at Berkeley and 
consists of a set of powerful algorithms for a wide range of circuit analysis 
methods. Many of SPICE function have been implemented on a personal 
computer platform, as described in "The Illustrated Guide to PSPICE®," by 
Robert Lamey, which is incorporated herein by reference. 

As with Verilog®, the SPICE language has been utilized in many other 
tools and simulations. In addition, various vendors and groups have attempted 
to apply similar principles to analog synthesis such as module generators 
(OPASYN, CADICS, and ADORE from UC Berkeley, and VASE from 
University of Cincinnati, for example) and topology optimizers (IDAC/ILAC or 
AutoLinear marketed by Silicon Compiler Systems, AMGIE by Leuven, 
ASTRX/OBLX by CMU, for example). However, no tools provided either 
commercially available tools or true synthesis of analog or mixed analog 
regardless of the underlying description languages or simulators. 

Summary of the Invention : 

The present inventors have realized that analog and mixed signal 
synthesis may be performed. Roughly described, the present invention allows 
a top down design of mixed-signal systems and combines a high performance, 
mixed mode, single kernel simulation with behavioral modeling of circuits, 
automated characterization, a mixed-signal cell library, and optimization 
algorithms. 
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The present invention performs computer aided design and realization 
of analog circuits. The realized analog circuits may be provided in any form, 
but are currently provided as fully dimensioned circuits or netlists that meet a 
users selected performance constraints and can be laid out (placed and 
routed) in a selected semiconductor technology. 

The present invention meets at least two broad design objectives: 

1 . Increase productivity of the analog and mixed signal designer; 

and 

2. Extend design capabilities. 

The objectives are met by capturing the knowledge of an expert circuit 
designer (or cell designer/plan author) in how a circuit is constructed and 
partitioned, howto propagate higher level performance constraints to the lower, 
cell level, and in what order to synthesize the eel Is. The non-creative objectives 
met include activities like characterization, optimization, and simulation, once 
options and parameters for these activities have been decided. 

Therefore, the benefits of using Antrim-MSS for analog design can be 
summarized as: 

1 . Capture of designer knowledge; 

2. Shorten design cycle by automating time-consuming aspects of 
design, allowing the designer to focus on actual design issues; and 

3. Make designer knowledge re-usable. 
Benefits for extending design capability, include: 

1 . Enabling a top-down mixed signal design methodology; and 

2. Execution of design plans without requiring a high level of analog 
expertise. 

The invention is implemented by a synthesis engine that utilizes pre built 
plans for circuit design that include basic circuit topologies and paramaterized 
design criteria that has been fitted to a polynomial expression that synthesizes 
the circuit's operation. A plan author first builds a synthesis library of circuit 
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designs and one or more plans for a specific circuit being designed or for 
general use. The plan captures the expert knowledge of the plan author for that 
specific type of circuit. Following users may then use the similar plan and need 
not know any particular details for designing that type of circuit. 

5 In operation, a user of the present invention selects a plan from a 

synthesis library, and specifies a set of performance criteria, and the synthesis 
engine calculates a circuit fitting the input performance criteria. The synthesis 
engine outputs a sized netlist or other identification of the circuit design, a 
simulation script fro later verification of circuit performance, and performance 

10 specs in the form of a datasheet. 

Brief Description of the Figures: 

A more complete appreciation of the invention and many of the 
attendant advantages thereof will be readily obtained as the same becomes 
15 better understood by reference to the following detailed description when 

considered in connection with the accompanying drawings, wherein: 

Fig. 1A is a block diagram illustrating the related functions to be 
combined in a mixed-signal development environment; 

Fig. 1 B is an overview of the MSS methodology of the present invention; 
20 Fig. 1 C is an overview of the major components of the MSS Synthesis 

library of the present invention; 

Fig. 1 D is an overview of the major components of the MSS Synthesis 
toolset of the present invention; 

Fig. 1 E is an overview of the major components of the MSS Synthesis 
25 Plans of the present invention; 

Fig. 1 F is an overview of the major components/activities of a plan 

author; 

Fig. 1 G is an overview of the major components/activities of a plan user; 
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Fig. 2 is a block diagram of one embodiment of a mixed signal 
architecture according to the present invention; 

Fig. 3 is a circuit diagram of an example of VCO to be synthesized 
according to the present invention; 

Fig. 4 is a block diagram of an example synthesis plan according to the 
present invention; 

Fig. 5 is a block diagram highlighting a bias control transistor; 

Fig. 6 is circuit diagram of delay cell transistors of the VCO to be 
synthesized; 

Fig. 7 illustrates initial characterization graph that represents the kind of 
measurements that will be made in picking the size of a bias control transistor; 

Fig. 8 is a graph of frequency characteristics of the VCO varying 
dimensions of a transistor according to the present invention; 

Fig. 9 is an example Synthesis Plan according to the present invention; 

Fig. 10 illustrates the execution of a first step in the synthesis plan; 

Fig. 1 1 illustrates the execution of a second step in the synthesis plan; 

Fig. 1 2 illustrates the execution of finishing steps in the synthesis plan; 

and 

Fig. 13 is an overview of the finishing steps of the synthesis plan. 

Detailed Description of the Preferred Embodiment: 

Referring again to the drawings, wherein like reference numerals 
designate identical or corresponding parts, and more particularly to Fig. 1 
thereof, there is illustrated a block diagram of related functions to be combined 
in a mixed-signal development environment. 

1 . 1 Components of Antrim-MSS 

The architecture and methodology of the Antrim-MSS product are built 
upon three components: 
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i. the Synthesis Library; 

ii. the Synthesis Toolset; and 

iii. the Synthesis Plan. 

1.1.1 Synthesis Library 

5 The Synthesis Library contains the cell data required by Antrim-MSS. 

This includes the cell topologies (SPICE netlists), synthesis models of the cells, 
the performance characteristics and design parameters and their 
characterized limits, simulation scripts, test harnesses, and process files. 
Antrim-MSS provides tools to query and browse the Synthesis Library, as well 

10 as to select cells from it. 

Explanation of some terms 
Performance characteristics are measurements of the behavior of a 
circuit under various operating conditions. For example, power consumption 
may be a performance characteristic whose value needs to be as low as 

1 5 possible (minimized), or gain bandwidth may be a performance characteristic 

of an amplifier circuit whose value needs to be at least a certain amount 
(maximized), or center frequency may be a performance characteristic of a 
voltage-controlled oscillator that needs to be set to a particular value (an 
equality constraint). The user sets values (aka constraints) for each 

20 performance characteristic - these values are called performance 

specifications. 

Design parameters are the variables in a cell model that need to 
assume hard values in order for the model to be simulated, and its 
performance characteristics evaluated. Design parameters are the variables 
25 that synthesis changes in search of a solution that meets the user's 

performance specifications. 

1.1.2 Synthesis Toolset 

The Synthesis Toolset is the set of software modules that perform 
specific tasks. These are optimization, simulation, characterization, and 
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parasitic calculation. The tools are not configured to perform any particular 
fixed design procedure; rather each can be viewed as a generic black box that 
performs a particular task. The procedure and order in which these tools are 
invoked are specified in the Synthesis Plan. 
5 1.1.3 Synthesis Plan 

The Synthesis Plan is the encoded design procedure that when 
executed invokes the synthesis tools on the cells in a sequence that achieves 
the complete synthesis of the circuit. 

1 .2 Target Users 

10 There are two classes of users: Plan Authors and Plan Users. The Plan 

Author is the primary expert designer whose knowledge is to be captured for 
reuse in a Synthesis Plan. He is also responsible for developing the Synthesis 
Library, which includes developing the synthesis models. He is also 
responsible for partitioning the circuit block into cells and deciding how to 

1 5 propagate constraints from the block to cells, what order to synthesize the cells, 

and how to propagate results from cell synthesis to other cells or to the higher 
level block. 

The Plan User is the end user of a Synthesis Plan. He does not need to 
be an expert designer because he is not interested in how the circuit is 
20 designed, but is interested in obtaining a working circuit that meets his 

performance specifications. Therefore his main activities are in licensing the 
appropriate plan, specifying the performance specifications, executing the Plan 
and verifying the results. 

The Plan User may or may not have access to the internal contents of 
25 the Plan depending on how the Plan is licensed to him. He may be the Plan 

Author himself in which case he can edit the Plan. 

1 .3 Synthesis Tasks 

The successful synthesis of an analog circuit requires that three tasks 
be properly executed. These are: 
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i. Synthesis Library Development; 

ii. Synthesis Plan Development; and 

iii. Synthesis Plan Execution. 

Synthesis Library Development generates all necessary data (cell 
5 models, measures, test harness) and puts them in the Synthesis Library. This 

step is performed by the Plan Author. This task has to be executed first. 

Synthesis Plan Development is the capture of expert design knowledge 
into a Synthesis Plan. This phase is expected to be the most knowledge- 
intensive. 

10 This step is performed by the Plan Author. The object of developing a 

Synthesis Plan is to formally record the design procedure so that it is re-usable 
when the same circuit is to be migrated to a new technology. 

Synthesis Plan Execution is the phase when the Synthesis Plan is 
interpreted by the Synthesis engine and its commands executed. The user 
1 5 selects the technology, sets the performance specifications and specifies the 

inputs. This step is performed by the Plan Author or Plan User. 
These tasks are described in more detail later. 
1 .4 Antrim-MSS Output 
Antrim-MSS produces the following output: 
20 i. A sized netlist in SPICE or Verilog-A/MS; 

ii. Antrim-AMS simulation script for verification; and 

iii. The actual performance specifications for the synthesized 
circuit in datasheet form. 

Antrim-MSS also estimates device parasitic(s), not just capacitances, 
25 andean do NRD and NRS for resistance also. Capacitances given the design 

rules and the sized devices. 

2.0 Synthesis Library Development 

The development of the Synthesis Library is based on cell 
characterization with Antrim-ACT. Cell characterization involves a series of 
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steps to analyze a circuit-level netlist for a targeted set of performance 
characteristics so that a higher level model of the circuit performance is 
produced. This model provides an efficient means for evaluation of circuit 
performance during optimization. 
5 This process involves running pre-specified experiments (multiple 

simulation runs) to acquire data, analysis, and model generation. 

2.1 Contents of the Synthesis Library 

i. Cell Definition - Afile listing performance characteristics 
and design parameters. The file may contain all the performance 

10 characteristics and design parameters. 

ii. Cell Model - A Verilog-A/MS description of the cell. 

iii. Simulation Script - An Antrim-AMS script that is used 
during optimization (when Antrim-A/MS is called) 

iv. A Starting Point Table - A table of design parameter 
15 versus performance characteristic points to be used as starting points for 

optimization. 

v. Characterization Plan. 

2.2 Cell Modeling 

Developing a model for the cell performs the following: 
20 i. Decide what performance characteristics to be modeled; 

ii. Decide what parameters affect what performance 
characteristics; 

iii. Decide how each performance characteristic is to be 

modeled; 

25 iv. Acquire data necessary for the model; 

v. Develop any measurement required for that performance 
characteristic; and 

vi. Generate the parameterized model. 
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2.2.1 Synthesis Models 

The synthesis model of the present invention relates design parameters 
(the variables that optimization changes) to an observable (by evaluation or by 
measurement) performance characteristic such as power, gain, slew rate. 
That is, the synthesis model is 'parameterized'. 

The type of model used for synthesis has a strong influence on howfast 
optimization will be, as well as how accurate the synthesis results will be. 
Synthesis cell models may be Analytical, Behavioral, and Circuit based. 
Behavioral models are an abstraction, and analytical models are based on 
physical models such as mosfet transconductance, for example. 

A behavioral model may be analytic or a simulation model. An analytic 
model expresses the relationship between a performance characteristic and 
the design parameters that affect it as an algebraic equation with the design 
parameters as the independent variables and the performance characteristic 
as a dependent variable. Evaluation of that performance characteristic is then 
a direct evaluation of the equation given the design parameter values. 

A simulation model gives the terminal I/O behavior and the required 
performance characteristic is then obtained by measurement of the simulated 
electrical waveform. 

A behavioral model, in some cases, might not produce a waveform. 
For example, an equivalent of a DC simulation model that represents the power 
of a cell as a function of a set of design parameters. The optimizer would vary 
the design parameters and the measurement would produce a power result. 
There is no waveform required. 

Circuit-Level Model 

This is the parameterized SPICE netlist. Measurements are needed to 
evaluate the performance. In practice, we expect cell models for synthesis to 
be a mixture of any of the above. The Verilog-A/MS language is the modeling 
language - circuit-level models are embedded in the Verilog-A/MS model using 
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the * language construct'. Hence one unified evaluator (the Antrim-AMS 
simulator) is used during synthesis. 

3.0 Target Celis for First Antrim-MSS Release 
Phase-locked Loop: 
5 VCO 

Charge pump 
Phase detector 
Low-pass filter 
*Sigma-deita AID Converter: 
10 Switched-capacitor integrators 

Comparator 
D/A converter 
Building block circuits: 
Op amps 
15 Current mirrors 

Voltage references 
Current references 

4.0 Antrim-MSS Use Model 

20 There are two different use models: one for the Plan Author and another 

for the Plan User. 

4.1 Plan Author Use Model 

This use model allows the Plan Author to develop the Synthesis Library 
and to develop the Synthesis Plan. 
25 4. 1 . 1 . Library Development 

The following are the steps: 

1 . Parameterized the circuit netlist. 

2. Model each performance characteristic in terms of 
design parameters. 
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3. Develop the test harness and measurements. 

4. Develop the simulation script. 

5. Defining starting points for design parameters. 
4.1.1.1 Design Parameters 

For each cell, there needs to exist the SPICE-level netlist. This is the 
primary input. The first step is to parameterize this netlist. All values in the 
netlist that can be altered during an optimization are represented by symbolic 
names rather than hard numeric values. Typical examples are transistors' 
widths and lengths, capacitances and resistances. 

Some design parameters may not be optimization variables but are 
input parameters. An example is the current in a current source in the model, 
which may be set to different values before different optimizations but remain 
constant during optimization. 

A synthesis plan will specify which design parameters are to be used as 
optimization variables, and which may be calculated through other means. As 
an example, an input design parameter such as bias current may result in 
building a current source that is dimensioned based on process design rules 
rather than numerical optimization. 

An example of a parameterized netlist (design parameters wnb, Inb, 
ibias, wpdiff, Ipdiff): 
Example 1 , 
'language SPICE 

.include /usr/tools/antrim/mss/scl/models/bsim3/model.typ 

SUBCKT delayjbias INN INP OUTN OUTP control VSS VDD 
+ lnb=1u wnb=1.1u lpdiff=0.6u wpdiff=8u ibias=50u 

MO OUTN control VSS VSS NMOS_MOD L="lnb" W="wnb" 
+ AD=10P AS=4P PD=9.0U PS=3.6U NRD=0.3 NRS=0.3 
M1 OUTP control VSS VSS NMOS_MOD L="lnb" W="wnb" 
+ AD=4P AS=10P PD=3.6U PS=9.0U NRD=0.3 NRS=0.3 
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M2 tail INN OUTP VDD PMOS_MOD L="lpdiff ' W="wpdiff ' NRD=0.3 NRS=0.3 
M3tail INN OUTP VDD PMOS_MOD L="lpdiff"W="wpclifP , NRD=0.3 NRS=0.3 

M4tail INP OUTN VDD PMOS_MOD L="lpdiff" W="wpdiff" NRD=0.3 NRS=0.3 
M5tail INP OUTN VDD PMOS_MOD L="lpdiff" W="wpdiff * NRD=0.3 NRS=0.3 

ibias vdd tail dc "ibias" 
ENDS CELL 

^endlanguage 

4.1.1.2 Modeling of Performance Characteristics 

After the netlist has been parameterized, the designer decides what the 

performance characteristics are and develops the model for each performance 

characteristic. 

There are several methods of behavioral modeling for synthesis: 

1 . Analytical equations 

2. Tables 

As discussed above, analytical equations should not be equated with 
behavioral models. Analytical models directly describe the physical behavior 
of a device as a function of design parameters. Examples of analytical models 
would be expressions of mosfet current as a function of terminal voltages, or 
small signal behavior such as mosfet transconductance. 

A behavioral model may consist of a set of mathematical expressions 
that are empirically derived from measurements of circuit response. In 
behavioral models performance characteristics are expressed as functions of 
design parameters, through a curve-fitting process as an example. 

Behavioral models may also be table based, directly representing a set 
of sampled points from a characterization of circuit response. The table 
contains values for performance characteristic measurements (the dependent 
variables) versus specific values of design parameters (the independent 
variables). 
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4.1 .1 .3 Developing the Test Harness 

The cell (aka 'design under test' or 'DUT*) is instantiated in a module 
called a 'test harness'. This test harness is a Verilog-A/MS module that 
includes measurement modules, voltage or current sources and any other 
modules that are required to simulate the DUT. An example of a test harness: 
Example 2: 

'timescale 100ps/10ps 

'include "disciplines. h" 
' include "connect.h" 

module top; 

electrical ground, innl, inpl, outnl, outpl, outn2, outp2, vctrl, vdd; 
electrical outn3, outp3, outn4, outp4, outn5, outp5, outn6, outp6; 
electrical outn7, outp7; 

delayjbias celH (innl , inpl , outnl , outpl , vctrl, ground, vdd); 
delayjbias cell2(outp1, outnl, outn2, outp2, vctrl, ground, vdd); 
delayjbias cell3(outp2, outn2, outn3, outp3, vctrl, ground, vdd); 
delayjbias cell4(outp3, outn3, outn4, outp4, vctrl, ground, vdd); 
delayjbias cell5(outp4, outn4, outn5, outp5, vctrl, ground, vdd); 
delayjbias cell6(outp5, outn5, outn6, outp6, vctrl, ground, vdd); 
delayjbias cell7(outp6, outn6, outn7, outp7, vctrl, ground, vdd); 
delayjbias cell8(outp7, outn7, innl, inpl, vctrl, ground, vdd); 

frequency #(.trig(0.25), .occ(100), .dir(1), .fi!ename("freq.meas")) 
measl(innl); 
power #(.ibias(4.951908e-05)) meas2(); 

vdc_source #(.vdc(5.0)) vvdd(vdd, ground); 
vdc_source #(.vdc(3.0)) vvctrl(vctrl, ground); 
endmodule 

'language SPICE 

.subckt vdc_source pin1 pin2 vdc=0 

vdc pin1 pin2 "vdc" 

.ends 

'endlanguage 
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module power; 
parameter real ibias = 50u; 
integer pfile; 
real powr; 

analog begin 
@(initial_step) 
pfile = $fopen("power.meas"); 

@(final_step) begin 
powr = 8 * ibias * 5; 
$fstrobe{pfile, "power %e", powr); 
$fclose(pfile); 
end 
end 
endmodule 

The DUT is called 'delayjbias' (description shown in Example 1 ). The 
vdc_source modules are voltage sources that sets values for the supply and 
ground. The module 'power' measures the power consumption given the bias 
current. 

4.1.1.4 Developing the Simulation Script 

When the optimizer finds a solution, it calls the AMS simulator to 
simulate it to evaluate the performance characteristics. The simulator is called 
with a simulation script containing the AMS commands to be executed during 
each simulation. These are: 

i. Set instance parameters to their values by specifying: 

set_inst_param("top.cell1", "Inb", $lnb) 
There should be one such command for each design parameter. The actual 
numeric values assigned to these variables are found by the optimizer which 
automatically generates the assignments and sends them to the simulator. 

ii. Set simulator options, such as: 

set_sim_param("modopt", 0) 
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iii. Specify a simulation analysis such as 
tran(1n,40n, 0,0.1 n) 

4.1 .1 .5 Defining Starting Points for Design Parameters 
5 A starting point is a set of design parameter values defining a point in 

the solution space which the optimizer uses as the initial solution. This can be 
specified by the user with the 'set_opt_param' command. 

In one embodiment, only a plan developer is allowed to set a starting 
pointfor design parametervalues. Apian userwould not have visibility of the 
10 design parameters, and would never directly execute set_opt_param. When 

new process technologies are applied to an existing plan, the limit and step 
values are changed appropriately. 

For an initial value, the user specifies the lower and upper bounds on the 
parameter as well as the minimum step size, which is the smallest value the 
1 5 optimizer may alter this parameter by. The minimum step size represents a 

stopping criterion. 

set_opt_param (<param_name>, <llim>, <starting_point> 
<ulim>, <min_step_size>); 
This command is explained in specifying a starting point in Section 4 (also see 
20 <starting_point> in set_opt_param). 

4.1.2 Synthesis Plan Development 

A Synthesis Plan may be implemented as a script in the Perl language. 
The Plan Author 'codes' his design knowledge directly in the language, making 
use of the control constructs and synthesis commands provided. 
25 Antrim-MSS can also be used to perform optimization on a single cell. 

The decision to select a particular cell topology or a cell model is made by the 
designer. Commands are available to traverse a design hierarchy, optimizing 
each cell in turn and using the results from a particular cell as the starting point 
or as inputs to the optimization of another cell. 
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Synthesis commands are used to perform operations that collectively 
make up a Synthesis Plan. 

In the following, commands are shown in "short-hand" mode. 
4. 1 .2. 1 List available libraries 

An MSS installation may contain any number of cell libraries. The user 
can list all the libraries that have been installed. 
Synopsis: 

listjibs 
Description: 

Relative to the Antrim home $ANTRIM, the cell libraries available are 
searched and listed, with a description of each library. 
Example: 



MSS> listjibs 
ANTRIM=/usr/tools/antrim 

Synthesis cell libraries installed at $ANTRIM/mss/libs: 



Library name 


Version 


Description 


pll_cell_lib 


vl.Ob 


Cells for phase-locked 
loop. 


fa2d_cell_lib 


v1.2c 


Cells for flash A2D 
converter 


ds_a2d_cell_lib 


vl.Oa 


Cells for dual-slope A2D 
converter 



4.1.2.2 Selecting a Synthesis Library 

The Synthesis Library is organized in the following hierarchy: library, 
function, cell. A library contains functions. Each function may have many 
different topologies, or models associated with it - simply called 'cells'. To 
synthesize a cell, a Synthesis Library, a function and a cell must be selected. 
This command allows the user to select the Synthesis Library. 
Synopsis: 
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setjib <char *libname> 
Description: 

The user selects a Synthesis Library out of the list of libraries. 
Example: 

MSS> setjib pll_cell_lib 

Current cell library: 'pil_cell_lib\ version vl.Ob. 

Path: /usr/tools/antrim/mss/libs/pll_cellJib 

4.1 .2.3 Showing the current selected Library 
The user can query what the currently selected Library is. 
Synopsis: 

showjib 
Description: 

The system displays the current value of the Library setting. 
Example: 

MSS> showjib 

Current cell library: , pll_cell_lib , ) version vl.Ob. 
Path : /usr/too I s/antri m/mss/l i bs/pl l_cel l_l i b 

4.1.2.4 Listing available functions in the selected Synthesis 
Library 

Afunction is an entry in a Synthesis Library representing a circuit class, 
such as op amps, VCOs, filters. A function may have several different 
topologies, or different models. Having selected a Synthesis Library, the user 
can list the available functions in it. 
Synopsis: 

iistjuncs 
Description: 
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All the functions in the current library are listed, with a description of each. 
The current Library must be set. 
Example: 

MSS> list_funcs 

Current cell library: pll_cell_lib 

Path: /usr/tools/antrim/mss/libs/pll_cell_lib 

Function Description 

vco Voltage-controlled oscillator 

pfd Phase/frequency detector 

Ipf Low-pass filter 

4. 1 .2.5 Selecting a function 

The user selects the function using this command. 
Synopsis: 

set_func <char *function_name> 
Description: 

Sets or overwrites the current function setting. 
Example: 

MSS> set_func vco 

Current function: Vco', version v1.0 

Current cell library is: pll_ce!l_lib 

Path: /usr/tools/antrim/mss/libs/pll_ceilJib 

4.1 .2.6 Listing the available cells 

Having selected the function, the user can list all the available cells under 

it. 

Synopsis: 

list_cells 
Description: 

Lists the available cells in the current function. 
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Example: 

MSS> list_cells 
Current function: vco 
Current library: pll_cell_iib 
5 Path: /usr/tools/antrim/mss/libs/pll_cell_!ib/vco 



Cell Name 


Description 


vco_80 


80 Mhz voltage-controlled 
oscillator 


vco_200 


200 Mhz voltage-controlled 
oscillator 



4.1.2.7 Selecting a ceii 

Having selected a function, the user can now select a cell for synthesis. 
Synopsis: 

set_cell <char *cellname> 
Description: 

Sets or overwrites the current cell. 




4.1 .2.8 Selecting a process 

The set_process command is used to select the technology process. 
20 Synopsis: 

set_process <char *processname> 
Description: 

Selects a technology process and sets or overwrites the current process. 
Example: 

25 MSS> set_process tsmc_01 8 

Current process is: 'tsmc_018\ version v1.0 



Attorney Docket No ANTR-01 01 6US1 SRM 
srm/antr\1016\1016us1 01 wpd 



6/8/00-10 35 



-21 - 



Path: 

/usr/tools/antri m/mss/l ibs/pl l_cel l_l i b/vco/vco_80 
4.1.2.9 Listing available processes 

All available processes can be listed with the list_procs command. 
Synopsis: 

list_procs 
Description: 

All the process models inthe current installation are listed, with a description 
of each. 
Example: 
MSS> list_procs 



Process models installed at: /home/fred/cvs/MSS/scl/models 



Process Model 


Version 


Description 


cmos07 


v1.0 


Process model for 
cmos 0.7 micron 


tsmcJD18 


v1.0 


Process model for 
tsmc 0.18 micron 



4. 1.2.10 Setting a design location 

A design location is the directory to which results are to be stored. 
Synopsis: 

set_design <char *designname> 
Description: 

Sets or overwrites the current design. The current working directory is 
changed to the new design directory. 
Example: 

MSS> !!pwd 
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/home/f red/wor k/nakam i ch i 

MSS> set_design stagel 

Design path: /home/fred/work/nakamichi/stagel 

MSS> set_design /home/user/working 

Design path: /home/user/working 

4.1.2.11 Changing to the current design location 

The current design location is where results will be written to. It is 
necessary to 'go to' that location. This is done with the 'go_curr_design' 
command. 
Synopsis: 

go_curr_design 
Description: 

Change directory to the current design location. 
Example: 
MSS> set_design stagel 
Design path: /home/fred/work/nakamichi/stagel 
MSS> go_curr_design 
MSS> Mpwd 

/home/fred/work/nakamichi/stagel 

4. 1.2.12 Showing the current design location 

The user can query what the current design location is with the 
show_design command. 
Synopsis: 

show_design 
Description: 

Show the current design. 
Example: 
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MSS> show_design 

Design path is: /home/fred/work/nakamichi/stagel 

4. 1.2.13 Saving the current design 
Synopsis: 

save_design <char *tar_file_name> 
Description: 

Compresses and saves the design in the current design directory to the 
archive file specified by tar_file_name. An "mss_design_settings"file will be 
created and included in the archive for later use in verifying version correctness 
when restoring the design. See "restore_design" below. 
Example: 

MSS> save_design test.tar 

Saved design: /users/fred/nak/stage1 to file: test.tar 

4.1.2.14 Restoring a saved design 
Synopsis: 

restore_design <char *tar_file_name> 
Description: 

Resores a previously saved design whose archive is in tar_fiie_name. The 
design is restored to the current directory. If the design references library items 
whose versions are not current, the restore will fail. Upon restoration, the 
current design will be set to the current directory. 
Example: 

MSS> Mpwd 
/users/fred/nak/stage1 
MSS> restore_design test.tar 

Restored design from: test.tar to /users/fred/nak/stage1 
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4.1.3 Optimization 

MSS provides a very versatile way of specifying performance 
constraints and goals. The user can choose a particular optimization objective: 
maximize, minimize or meet a specific goal (i.e. an equality constraint) for a 
5 given performance characteristic. He can specify a target ('goal') or just specify 

limits that describe a range. That is, any solution found within the range is a 
usable solution. A range may be unbounded at one end to support minimize 
and maximize objectives. For the maximize objective, the lower limit is 
required and the upper limit is not applicable. For the minimize objective the 
10 upper limit is required and the lower limit is not applicable. For a 'goal' 

objective, both limits are required. 

The optimizer works at two effort levels: HIGH or LOW (see Running 
Optimization). 

At HIGH level, the optimizer tries its best to meet the goal, if one is 
15 specified. If the goal is not specified and the objective is minimize, the first 

solution found below the upper limit is returned. If the objective is maximize, the 
first solution found above the lower limit is returned. If the objective is an 
equality constraint, the optimizer considers the midpoint between the limits 
as the goal. 

20 At the LOW effort level, the optimizer disregards the goal if one is 

specified. For a maximize objective, the first solution found above the lower 
limit is returned. For a minimize objective, the first solution found below the 
upper limit is returned. For a goal objective, any solution found between the 
limits is returned. 

25 Finally, each performance spec has a 'weight'. This is a number from 0 

to 1 that tells the optimize how to prioritize among multiple performance specs. 
The weight determines how much each performance spec contributes to the 
overall cost function. The overall cost is a weighted sum of individual cost 
components, one for each performance spec. 
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The optimizer seeks to obtain an overall zero-cost solution. Azero-cost 
solution represents the optimum solution - it is one that meets all the specified 
constraints. For a 'HIGH' effort level, if a goal is specified for a particular 
performance spec, a solution that meets that goal contributes zero to the overall 
5 cost. Deviation from the goal towards the limits increases the cost linearly. 

Going outside the I imits penalizes the cost component by a factor of 1 E6. If the 
goal is not specified and the objective is maximize, the first solution above the 
lower limit contributes zero cost. If the objective is minimize, the first solution 
below the upper limit contributes zero cost. If the objective is 'goal', the 
10 midpoint between the limits contributes zero cost. 

For a' LOW effort level, if the objective is maximize, a solution above the 
lower limit contributes zero cost. If the objective is minimize, a solution below 
the upper limit contributes zero cost. If the objective is 'goal', a solution 
between the limits contributes zero cost. See Figs. 4A-4D, for example 
15 illustrations. 

4. 1 .3. 1 Setting performance specifications 

The set_spec command is used to specify a performance spec: 
Synopsis: 

set_spec <perf_char> <objective> <llim> <goal> <ulim> <weight> 
20 where: 

perf_char: (char *) name of the 

performance characteristic 
objective: (char *) type of optimization 

(min, max, or goal). 
25 llim: (char *) lower limit 

goal: (char *) goal 

ulim: (char *) upper limit 

weight: (char *) weighting of this 

item in cost function 

30 
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Note: lower limits are either strings representing valid floating point numbers 

or are set to undefined with 

Description: 

Sets an individual performance specification for optimization. The user 
specifies all parameters. Violation of the following 
will generate warnings: 

<llim> should be greater than or equal to the minimum value defined in the 
cell definition. 

<ulim> should be less than or equal to the maximum value defined in the 
cell definition. 

For goal optimization, both <llim> and <ulim> should be set. If a goal is 
defined, it is between <llim> and <ulim>. 
Example: 

MSS> set_spec trise min 1 .2E-1 0 5E-1 0 1 9E-9 0.75 
4.1 .3.2 Specifying a starting point 

One of the best ways for enhancing the speed of optimization is to 
specify a good starting point for the optimizer. A starting point is a set of 
design parameter values. To specify a starting point, each design parameter 
value is specified separately with the set_opt_param command. Besides the 
starting point, the user, who in this case is the plan developer also specifies 
what the lower and upper limits are, as well as the minimum step size that the 
optimizer is allowed to vary the parameter by. 
Synopsis: 

set_opt_param <param_name> <llim> <guess> <ulim> <min_step> 
where: 

param_name: (char *) name of the design parameter 
Him: (float) lower limit 
guess: (float) starting point 
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ulim: (float) upper limit 
min_step: (float) minimum step size 
Description: 

Sets an individual device parameter for optimization. The user specifies all 
parameters. The following rules will apply: 

The initial guess must be between the min and the max if they are specified. 
Example: 

MSS 206> set_opt_param MN1_W 1 2 3 .000000002 

Setting optimization parameter: 

Name Min Guess Max Min Step 

MN1_W 1 2 3 .000000002 

4.1.3.3 Running optimization 
The 'optimize' command runs the optimizer: 
Synopsis: 
optimize [options] 

Run optimization with specified options. 
Options are: 

-effort [low | high] Specify the computation effort. 

4.2 Plan User Use Model 

The Plan User executes the following tasks: 

i. Select a Synthesis Plan 

ii. Sets performance specifications 

iii. Executes the Synthesis Plan 

4.2.3 Executing the Synthesis Plan 

The command to execute a Synthesis Plan is the 'do' command. The 
Plan is specified as a script to the 'do' command: 
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Synopsis: 

do <script> 
Description: 

Execute the given script in MSS. 
Example: 

MSS> do plan 

.... runtime messages from plan execution 

Behavior Models for Circuit Design Optimization 

The present invention utilizes behavior models for circuit design 
optimization. The following is a description of the invention in a limited 
example describing the processes of the invention for a voltage controlled 
oscillator. As will be apparent to those skilled in the art, these processes are 
applicable to all types of analog circuits and may be modified or varied within 
the scope of the present invention as described herein. 

Fig. 3 shows a simplified schematicfor a portion of a voltage-controlled 
oscillator. The design is composed of two functional blocks, the bias control 
circuit and a differential delay cell. The differential delay cell is also depicted 
in Fig. 6. The delay cell in this example consists of six transistors. In a 
complete oscillator configuration there would be several delay stages 
connected to form a ring, where the outputs of one stage connect to the inputs 
of another identical stage, until the last stage connects back to the input of the 
first. For the proof of concept example, eight stages consisting of a total of 
forty-eight transistors make up the ring oscillator 100. 

The performance of this circuit is established by selecting the values of 
the essential design parameters so that objectives for total power dissipation 
and osci I lation frequency are met. Power dissipation is controlled by the eight- 
transistor bias generator circuit in Fig. 5. The essential design parameters of 
the bias cell are the dimensions of the highlighted transistor, enclosed within 
the circles in Fig. 5. Once the goals for power dissipation are established, the 
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oscillation frequency is primarily determined by establishing the dimensions of 
the highlighted transistors in Fig. 6. 

To perform a design optimization on this voltage controlled oscillator 
circuit, analysis would typically be performed by using a circuit simulation 
5 program such as SPiCE. This would require solving the model equations for 

all forty-eight transistors in the ring oscillator 1 00, plus the eight transistors in 
the bias control circuit. 

The results of a number of simulations of oscillatorfrequencyforvarious 
settings of the design parameters produce simulations for the circuit. 

1 o Simulations must normally be done at many of these various settings before an 

optimum set of values is found. This can require many iterations and a large 
amount of simulation time. In addition, when a new set of performance 
objectives are specified the entire process must be repeated. 

In this new method of developing behavioral models for optimization, the 

15 repetitive simulations of transistor models are eliminated. This is 

accomplished by capturing the results of simulating a design once, and 
converting the circuit behavior to a model which can be analyzed much more 
efficiently. One example of this procedure is shown in Fig. 8, where curves are 
drawn through the data points produced by the SPICE simulations. These 

20 curves are produced by performing a mathematical fitting operation, to convert 

the characteristic behavior of the circuit to a polynomial expression. In this 
example the expression will describe the variation in the oscillator frequency 
that results when the width of the critical transistors in the differential delay cell 
are adjusted. 

25 For a third order behavioral polynomial, the expression would be: 

Fosc = a3*Wd3 + a2*Wd2 + a1*Wd + aO 

(Equation 1) 
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This polynomial expression can be solved directly by an optimization algorithm, 
without requiring any simulation of transistor models. In another implementation 
of the behavioral modeling method, the data points in Fig. 4 can be captured 
directly, and stored in a table. In this technique, the polynomial expression is 
5 notformed directly, and interpolation between data points is used to increase 

the precision of the model. 

Referring now to Fig. 3, there is illustrated two vertical strings of 
transistors (on the left half of Fig. 3) that make up a bias cell 300, and down 
towards the bottom is a control input 31 0 that goes to the left into a bias control 

10 cell 320, and it also goes to the right into a delay cell 330. 

In this example, these two circuits are separately optimized since the 
one on the left (300) is basically a DC circuit that just sets the power level and 
the one on the right (330) is actually one of the cells in an oscillator that would 
connect to several of those in the loop, into the ring oscillator 100 discussed 

15 above, for example. 

So as our example, this circuit has various types of performance 
depending on the power that a designer might want and can afford to dissipate, 
and what frequency of oscillation might be wanted to be achieved (presenting 
the optimization problem of trying to minimize the power while maximizing the 

20 frequency). Optimization is performed by adjusting the sizes of the transistors. 

An expert designer's knowledge of this circuit or through a process of analysis 
it is determined that in the bias cell 300, only one transistor (bias control cell 
320) controls the current and that's the transistor that has the control input 31 0. 
Therefore, the sizes of the other transistors are not critical to this optimization 

25 problem. 

In a conventional optimization for the above-described circuit a designer 
would take the whole thing and either adjust all the circuits elements 
simultaneously if he hadn't already established any values or he'd have to pick 
them. But, in any case, the designer would be simulating the whole circuit. The 
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present invention only adjusts the circuit element or elements (bias control cell 
320 in this example), identified by the expert, which illustrates one way that the 
present invention models the performance of the circuit. 

The delay cell 330 is more complicated, it gets a control input that's 
5 common to the bias control cell 320 and, of course, that controls the power 

because basically you have similar transistors that have that common input. 
But current that flows through the delay eel I will also be used to drive an input 
of a subsequent cell. So adjusting the control input 31 0 and adjusting the size 
(the physical size on the chip or technology) of the two input transistors, 360 

10 and 370, modifies both the power and the frequency simultaneously for that eel I. 

So that's a more difficult optimization problem. 

The effect of the sizes depends on the circuit. This is where the analog 
designer spends his time. Not only coming up with the circuit but what the 
sizes, dimensions, should be and how the device gets laid out. 

15 Looking again at transistor 320 (bias control cell 320), if you make that 

transistor longer, the power goes down and if you make it wider, the power 
goes up. That would be the kind of thing we would be trying to optimize if we 
were just looking at power. If we look at those other two transistors (360 and 
370) in the delay cell, they are in the circuit as an input so they present a certain 

20 capacitance that needs to be charged up and down as the oscillator oscillates 

back and forth. In that case, the designer would know that if the width of that 
transistor is increased, then the capacitance of that transistor is also increased. 
Therefore, the size of that transistor needs to be controlled. It's like a tuning 
element for the oscillator. If you've already decided what the current is going 

25 to be, then you've got to fix the amount of current that's charging or discharging 

a variable amount of capacitance, and the frequency of the oscillator is 
determined by that relationship. The size of this transistor needs to be selected 
to get the frequency that needs to be achieved. 
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Those parameters for the size are input into a SPICE simulation. The 
SPICE provides an initial characterization, either to build a table or to make 
measurements. Each point on the graph in Fig. 8 is generated with SPICE and 
represents one spice simulation. Each line represents a behavioral model that 
covers all of those points simultaneously with one equation. 

The analog synthesis process of the present invention is based on 
having the MSS program automatically figure out the sizes of these transistors 
(320, 360, and 370, for example). The designer doesn't know before he starts 
what they should be to achieve the desired performance. The designer's 
approach to it would probably be to try and pick some values and manually 
adjust them until he gets something close to what he wants, or he might try and 
get it close, and then he might to try and run an optimization program on them 
that would try and adjust them, and that takes a lot of compute cycles to figure 
that all out. 

In the present invention, the curves represent different levels of power 
and different levels of frequency (power and frequency characteristics). For 
example, any one of those lines in Fig. 8 represents varying the width of those 
transistors over a certain range. On the X axis it says wd=6u-18u. That's 
varying the dimensions of the transistor from 6 microns to 1 8 microns. The 
designer wants a certain frequency but doesn't know how big the transistor 
should be to achieve it. So the graph, in effect, varies the dimensions of the 
transistor from 6 microns to 18 microns and shows what effect it has on the 
oscillation frequency. 

For example, looking at the top most curve, curve 800, at 6 microns it 
shows a 1.6 data point 810, that's 160 MHz. Over to the right where it would 
be 1 8 microns, it shows something right around 1 at data point 820, a little over 
100 MHz is produced. So for that particular set of dimensions, if we vary the 
width of that transistorfrom 6 microns to 1 8 microns, the oscillation frequency 
changes from 1 00 MHz to 1 60 MHz. If a designer wants 1 20 MHz, or 1 50 MHz, 
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he doesn't know. The circuit designer could do a rough analysis or he could 
actually run the simulations to get a more accurate calculation or estimation of 
what the dimensions should be to achieve the desired frequency. 

The present invention takes the circuit, characterizes it, by running the 
device dimensions over a certain range of allowed sizes. Once that is done, 
it doesn't have to be done again. The characteristic has a certain shape to it 
and an equation can be made that duplicates it. 

A curve fitting algorithm can be used to represent the kind of relationship 
provided by the starred data points (81 0 and 820, for example). An equation 
such as equation 1 would be referred to as a third order polynomial because 
it has three terms in it that relate that value, the width, the wd in equation 1 is the 
wd that was varied in the simulations. Fig. 8 illustrates the starred points, each 
one of those is a measurement from a simulation. The curve of Fig. 8 is plotted 
by running those same and other values of wd through equation 1 , and drawing 
the line that would result. The curve goes pretty close to all the starred data 
points. 

This process is a combination of characterization and modeling, 
because the process of capturing those data points would be characterization. 
The process of converting them to an equation that duplicates that 
characteristic is modeling. The process takes the performance 
(characteristics) of a circuit and converts them to a model that's represented 
by an equation. 

The present invention is not doing approximations, it is actually 
calculating and developing functions that represent the actual behavior that has 
been measured from an actual circuit or measured from the simulation. 
Preferably, more points gives a better curve, but at a minimum of probably 
three. Two points always gives you a straight line (which may be acceptable 
for some circuits) and how many are actually used is under the judgment of the 
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person that's doing it. Alternatively, the software could specify a minimum 
number of points (three, for example). 

Lines 830, 860, and 890 in Fig. 8 represent other dimensions in this 
circuit that are important. In this case, the bias control transistor 320 
5 dimensions are varied so we get a different curve for the oscillation frequency, 

depending on the selected dimensions of transistor 320. So this becomes the 
total characteristic for the circuit illustrated in Fig. 3. There's three variables 
that we have here. The length and width of the bias control transistor 320, and 
the length and the width of the transistors 360 and 370 (but for purposes of the 
10 example, their lengths are fixed and only their width is varied). So it provides 

a total of three design variables that we can adjust for example purposes. 

In this case, the graph could have been drawn as a three dimensional 
surface because a family of curves is present. The only axis that you see is the 
width axis but implicit in each of those curves is a pair of values for the width 
1 5 and length of the bias control transistor 320 as well. So you could have had 

three axes where one was width, and one was length of one transistor, and one 
was the width of transistor 320. Other combinations and graphs representing 
these and other dimensions are also contemplated. 

So in our actual example, when we run it what we do is we first do the 
20 optimization on the transistor in the bias circuit which gives us two of the three 

values that we need and we use that to pick which curve in that graph that we 
use for the last transistor. 

Stated differently, is that each one of these curves in the graph would 
represent a different set of the A3-A0 parameters that you see in equation 1 . 
25 Those coefficients, A3, A2, A1, and AO, you get a different set of those for each 

set of values for the length and width of that first transistor. 

The curve is selected, and the values for the curve are first determined 
by picking the sizes of the transistor. We do that by optimizing its dimensions 
for the power. We know that it controls the power of this circuit so we sized it 
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in order to choose that result first. Once we know that, we know what the 
coefficients of the curve are for the other equation. Forthe general use of this 
modeling technique, it's not important. It simply explains why there's so many 
curves in that graph, that's what they represent. A graph with one line in it 
would have been just as illustrative of most of what we're talking about. 

A feature of the present invention is that the design uses the model and 
doesn't care where the model came from. When looking at the equation 
(model) the designer doesn't know anything about the circuit it depicts. It's 
what we call a completely behavioral model. It's not physical in anyway. It's 
just derived from behavior measured during characterization. The models 
others have used have always had some physical representation of what the 
circuit was doing and the transistors that made it up. Their equations would 
have physical parameters of the device. A physical model like the transistor 
equations that SPICE uses, for instance. 

Fig. 7 illustrates initial characterization, and is a graph that represents 
the kind of measurements that will be made in picking the size of the bias 
control transistor 320. In the characterization process, the present invention 
generates those kinds of curves and measurements automatically. By showing 
curves 700, it demonstrates the characterization side of this process. The 
circuit is characterized and its behavior is measured to build a model. The 
above discussion addresses this process by mentioning that a lot of SPICE 
simulations would be used normally, and then discusses the modeling process 
and how the model is used. 

Fig. 9 represents the overall MSS system, illustrated as a flowdiagram 
of how the MSS software would work to implement these processes, starting 
by representing the two cells 900 and 930 (representing the bias and delay 
cells discussed above). So we take the whole circuitfortheoscillator, wesplit 
it into two separate cells 900 and 930, and the MSS software works on each 
one somewhat individually. 
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The first step 905 is to come up with dimensions for the control 
transistor (i.e., the bias generator cell 900, representing the bias control cell 
320, for example). An objective of the MSS software is to build up this entire 
circuit so that when you're done you've got dimensions for all the transistors 
and it works according to the specification that was set for it. So the flow 
diagram/bubble charts of Figs. 9-1 2 depict the steps that would be executed 
along the way in building up that circuit (lightened bubbles designate completed 
steps). 

At various points models are used rather than actually simulate the 
whole circuit, and that's where the behavioral models (polynomial equation 1 , 
for example) for optimization come in. The MSS methodology is to 
characterize the circuit and develop the models so that later on when a 
designer wants to synthesis the circuit for a certain level of performance, he 
goes back and reuses those models, rather than needing to reuse the whole 
circuit again. The "characterize for frequency" flowfrom delay cell 930 points 
into a behavioral mode 935. So that's the model that we're talking about here. 

For example, the polynomial equation 1 is the behavioral model for that 
circuit so that equation is used during synthesis to come up with dimensions for 

the transistors. Using that model, we come up with what the dimensions should 
be, then we plug them back into the circuit, rather than have to use the circuit 

the whole time. So step 1, note Fig. 10, is size control FET 905, basically 

figures out what the size should be. Leading into that bubble it says optimize 

for power, so the size is selected for optimal power. 

In step 2, note Fig. 1 1 , the sizes of the control transistor have been 

copied and that becomes the load and then the size of the transistors 

developed are referred to as the input pair by analyzing, optimizing the 

behavioral model. 

The current source 910 is handled as a clean-up step at the end. It's 

hasn't been skipped, we're just saving if for the end. It says "calculate from a 
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design rule" so an optimization doesn't have to be run. The input pair 950 is 
the two (delay ring) transistors 360 and 370 of Fig. 6. 

For the finish steps, note Figs. 12 and 13, all the sizes are available 
which are then plugged back into the circuit, and the performance can be 
verified by simulation (using SPICE, for example). If the optimization models 
were accurate, then that should just be one simple verification step without any 
iteration. Because it was used to develop the model to begin with but 
computation steps in between are saved. 

So, to the degree that the models built are accurate, then the verification 
step goes very quickly. The objective is to plug all the dimensions into a circuit 
because that's what gets used to actually build the chip. The designer needs 
to know what those dimensions are. That's what gets laid out. 

Design synthesis relies heavily on running circuit optimization and the 
traditional methods for running circuit optimization are very inefficient, and so 
we could try and be expert mathematicians and make better optimization 
algorithms, but if we always keep going back to simulation models to do it, we 
really we won't make very much headway. The synthesis system because 
allows us to breakthrough and do optimization much, much faster than it was 
ever done before. An expert circuit designer that knows how to develop 
these circuits on his own would build a plan, that is basically a program, like the 
flow/bubble diagrams in Figs. 9-12, that can get executed by software 
automatically, which would be called a synthesis plan. It's basically a program 
for howto build a certain type of circuit. The synthesis plan would become part 
of a library. 

The need for synthesis plans is by people who don't know howto build 
those types of circuits. In the present invention, with a design plan and a library, 
for instance, the voltage controlled oscillator of Fig. 3, if that's what somebody 
needed to put on their chip, rather than have somebody go off and sit down and 
design it, they would just execute the corresponding plan from the library. The 
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idea is then that the design would be built for them so they don't have to have 
expert knowledge of how one would sit down and construct a voltage controlled 
oscillator, because somebody has already put that into a program that can be 
executed. 

A user who might need a 1 00 MHz oscillator, or a 200 MHz oscillator 
would execute the same plan with a different performance spec for MHz. Every 
user might have a different requirement, depending on what his performance 
specifications are. Then, the synthesis engine would go step by step through 
the bubble diagram. 

Each plan would look different depending on the circuit, depending on 
types of models that were constructed for the plan. What the plan does is take 
the specification from the user and convert it into the optimization goals that are 
used for calculations. It's a reverse of the process that the designer went 
through. The designer sat down and developed a circuit to build the models 
and nowthe user sits down and uses the models to build the circuit. So all the 
knowledge about the circuit is encapsulated in the models and the plan. 

Each plan would come along with its own set of models that describe 
the characteristics of a circuit. It could be a polynomial or it could be some 
other type of mathematical expression, or it could just simply be a table, a 
spreadsheet for example. 

The plan identifies which models need to be used at each step in the 
process, and then calculates the A0-A3's (see equation 1 , for instance), when 
the model is a polynomial equation. In the case of a polynomial model, an 
algorithm that does curve fitting is utilized to fit the polynomial expression to the 
curve, a least squares fitting operation, for example. If the polynomial isn't 
used, a table could be used as the model, and interpolation between points 
would determine valves between the points of the table. 

There are two sides to the MSS system. There's the first side for how 
the models get built. When you look at that whole system, that's the plan 
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developer, or author. On the second side, there is the user, possibly a novice 
user that executes the plan developed by the plan author. 

The author chooses between a number of different options for how he 
models his circuits so he has to choose, and he would probably try different 
ones out to see how well they worked. But once the author decides on a set of 
models, then the user using the plan just never sees it, the user just runs it 
(providing selected inputs such as performance specs, as described above). 

When the user selects a plan, he's really selecting a predetermined 
script, or selecting a circuit and the variables in the circuit are what's identified 
in the polynomial or model. They are variables and if we were only designing 
a circuit to achieve one specification for performance, then it wouldn't be very 
useful. But the idea here is that you could design a circuit that meets a number 
of different specifications and it's up to the user to say what it is he wants to do 
with it. The program will figure out what the circuit should look like to do that. 
The present invention cuts out many simulations that you would have to do 
otherwise if you hadn't converted the information to a behavioral model. The 
models describe what it does if you sat down and measured it. So that's an 
example of what those curves are (see Fig. 8, for example). They hide all the 
detail and make it a lot easier to figure out. 

The present invention may be conveniently implemented using a 
conventional general purpose or a specialized digital computer or 
microprocessor programmed according to the teachings of the present 
disclosure, as will be apparent to those skilled in the computer art. 

Appropriate software coding can readily be prepared by skilled 
programmers based on the teachings of the present disclosure, as will be 
apparent to those skilled in the software art. The invention may also be 
implemented by the preparation of application specific integrated circuits or by 
interconnecting an appropriate network of conventional component circuits, as 
will be readily apparent to those skilled in the art. 
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The present invention includes a computer program product which is a 
storage medium (media) having instructions stored thereon/in which can be 
used to program a computer to perform any of the processes of the present 
invention. The storage medium can include, but is not limited to, any type of 
disk including floppy disks, optical discs, DVD, CD-ROMs, microdrive, and 
magneto-optical disks, ROMs, RAMs, EPROMs, EEPROMs, DRAMs, VRAMs, 
flash memory devices, magnetic or optical cards, nanosystems (including 
molecular memory ICs), or any type of media or device suitable for storing 
instructions and/or data. 

Stored on any one of the computer readable medium (media), the 
present invention includes software for controlling both the hardware of the 
general purpose/specialized computer or microprocessor, and for enabling the 
computer or microprocessor to interact with a human user or other mechanism 
utilizing the results of the present invention. Such software may include, but is 
not limited to, device drivers, operating systems, and user applications. 
Ultimately, such computer readable media further includes software for 
performing the present invention, as described above. 

Included in the programming (software) of the general/specialized 
computer or microprocessor are software modules for implementing the 
teachings of the present invention, including, but not limited to, preparation and 
storage of plans, calculation of curves, simulation of circuits, collection of data 
points of circuit behavior, curve fitting, table building, interpolation, 
characterization, parameterization, and the display, storage, or communication 
of results according to the processes of the present invention. 

Obviously, numerous modifications and variations of the present 
invention are possible in light of the above teachings. It is therefore to be 
understood that within the scope of the appended claims, the invention may be 
practiced otherwise than as specifically described herein. 
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Industrial Applicability: 

Accordingly, the present invention provides for synthesis of electronic 
circuits in advantageous ways. 

Other features, aspects and objects of the invention can be obtained 
from a review of the figures and the claims. 

It is to be understood that other embodiments of the invention can be 
developed and fall within the spirit and scope of the invention and claims. 
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We claim: 

1 . A method of making a plan for circuit synthesis, comprising the 
steps of: 

determining a circuit comprising at least one set of circuit elements; 

identifying a set of parameters for construction of said circuit elements; 

simulating operation of said circuit at a set of points, each point defined 
by varying at least one of said parameters; 

consolidating results from the simulation operation; and 

storing the consolidated results of said simulation in a behavioral model 
of said plan. 

2. The method according to Claim 1, wherein said step of 
consolidating comprises the step of placing the results of said simulation in a 
tabular form that correlates each of said set of points to a corresponding result 
of said simulation. 

3. The method according to Claim 1 , wherein said step of storing 
comprises the steps of: 

fitting a polynomial equation to results corresponding to at least two of 
said set of points; and 

storing the polynomial equation in a behavioral model of said plan. 

4. The method according to any one of Claims 1 to 3, wherein said 
circuit elements comprise at least one analog component. 

5. A method of mixed signal circuit simulation, comprising the steps 

of: 

selecting a plan for a circuit to be designed; 
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providing the selected plan and a set of performance requirements to 
a synthesis engine; 

executing the plan; and 

retrieving results of the executed plan. 

5 

6. The method according to Claim 5, wherein said results comprise 
at least one of a sized netlist, a datasheet, and a simulation script for 
verification of the circuit designed. 

10 7. A method of behavioral circuit design optimization, comprising 

the steps of: 

determining a circuit comprising at least one set of circuit elements; 

identifying a set of parameters for construction of said circuit elements; 

simulating operation of said circuit at a set of points, each point defined 
15 by varying at least one of said parameters; 

fitting a polynomial curve to a result of the circuit simulation at each of 
said set of points; and 

selecting a set of said circuit parameters for an optimized circuit based 
on said polynomial curve. 

20 

8. The method according to Claim 7, wherein: 
said step of simulating comprises the steps of: 
setting each of a subset of said parameters to a fixed value; 
setting at least one remaining parameter of said set of parameters; 
25 simulating operation of said circuit to produce a result; 

varying said at least one remaining parameter of said set of 
parameters; and 

repeating said steps of varying and simulating for a predetermined 
number of iterations. 
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9. The method according to Claim 7, further comprising the steps 

of: 

repeating said steps of simulating and fitting to produce plural data point 
sets of simulation results; and 

wherein said step of selecting comprises the step of selecting an 
optimized circuit solution from the plural data point sets. 

10. An mixed signal synthesizer, comprising: 

a synthesis engine configured to determine an optimized circuit and 
produce a sized netlist based on a plan having a circuit design and parameters 
for optimizing the circuit. 

11. The mixed signal synthesizer according to Claim 10, further 
comprising: 

a synthesis plan library having a set of synthesis plans for at least one 
circuit, each synthesis plan having a circuit design and a set of parameterized 
values regarding any of physical characteristics and values of circuit elements; 
and 

a user interface configured to allow a user to select a synthesis plan 
from the library and input the plan and a set of at least one performance 
characteristic to said synthesis engine. 

1 2. The mixed signal synthesizer according to Claim 2, wherein each 
synthesis plan includes at least one of a non-sized netlist, a topology, a 
synthesis model, a test script, a test harness, a cell definition, a cell model, a 
starting point table, and a characterization plan for said at least one circuit. 

13. The mixed signal synthesizer according to Claim 12, further 
comprising: 
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a synthesis toolset having tools selectable for use by said synthesis 
engine. 

14. The mixed signal synthesizer according to Claim 13, wherein 
said tools comprise at least one of an optimizer, a simulator, a characterizer, 
and a parasitic calculator. 
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ABSTRACT: 

Method and apparatus for the synthesis of electronic circuits and, more 
particuarly, to the synthesis of analog circuitry and mixed digital and analog 
circuitry, and related to the reuse of circuit designer knowledge for the 
simulation of mixed analog and digital circuitry to determine data points and to 
curve fit the data points to determine a polynomial equation that closely 
approximates simulated circuit performance, and related to the 
parameterization of circuit features with respect to circuit performance. 
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